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Abstract A 29-base RNA oligomer has been chemically synthesized and shown to form an intramolecular triple helix in solution at acidic pH. 
Assignment of the majority of the exchangeable proton NMR resonances demonstrated the Watson-Crick and Hoogsteen base pairings consistent 
with folding to form pyrimidine-purine-pyrimidine base triplets. FTIR spectroscopy provided independent evidence of base triplet formation, and 
indicated a predominately C3’endo sugar pucker. UV absorption as a function of temperature suggested monophasic melting behaviour, which was 
confirmed by NMR of the imino protons. 
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1. Introduction 
Knowledge of the three dimensional structure of RNA pro- 
vides an important insight into its function. RNA has been 
shown to exhibit wide structural diversity, including a triple 
helix form [l] first proposed in 1957 [2]. Triple base interactions, 
where a standard Watson-Crick base pair interacts with a third 
base via Hoogsteen pairing, have recently been the subject of 
renewed interest, notably in investigations of the catalytic do- 
main of group I introns [3]. The potential biological importance 
of triplet base interactions as structural motifs at the catalytic 
site of a ribozyme has been reported [4]. Recently, NMR has 
been used to elucidate the solution structure of several DNA 
triple helices [5,6], but to date few structural investigations of 
RNA triplet base interactions have been reported [7,8]. We 
undertook an NMR study of a model triple helix to further 
define triplet base interactions and investigate the conforma- 
tional potential of RNA. 
As part of our ongoing interest in oligoribonucleotides [9, lo], 
we synthesized a29-base oligomer as a model of an RNA triple 
helix. The sequence chosen was based on the analogous 28-base 
DNA sequence reported by Sklenar and Feigon [ll] with an 
additional loop nucleotide. This sequence was designed to 
allow the folding to form an intramolecular triple helix consist- 
ing of C+ : G : C and U : A : U base triplets at acid pH, as shown 
in Fig. 1. Although the chemical synthesis of RNA is not as 
straightforward as that of DNA due to problems introduced by 
the 2’-hydroxyl group [12], we have demonstrated that the prep- 
aration of milligram quantities of pure RNA is feasible for 
oligomers in the 10 kDa molecular weight range. Chemical 
synthesis presents the primary advantage over in vitro T7 
polymerase transcription in that it affords complete flexibility 
in the choice of sequence, particularly with respect o the initial 
S-end bases [13]. The use of modified nucleotides is also made 
possible via chemical synthesis, although the incorporation of 
13C and 15N labelled nucleotides has yet to be proven more 
practicable than enzymatic transcription [ 14,151. 
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2. Materials and methods 
2.1. Synthesis 
Automated synthesis (Applied Biosystems 380B) of the oligomer was 
carried out using controlled pore glass support and phosphoramidite 
chemistry with a tert-butyldimethylsilyl (TBDMS) protecting group at 
thd2’ position (Milligen/Millipore). A 10 ~01 scale synthesis gave a 
total yield of 87% (average coupling yield 99.5%) based on trityl assay. 
Deprotection was carried out using NH3 saturated ethanol at 55°C for 
24 h followed by 24 h at room temperature. The TBDMS protecting 
group was removed with tetrabutylammonium flouride/tertahydrofu- 
ran (12 ml, 1.1 M) for 48 h at room temperature. The crude product 
was desalted twice on a Sephadex G-10 column, eluting with 0.1 M then 
0.05 M triethylammonium acetate (TEAA). The eluted product, de- 
tected by UV absorbance at 260 nm was lyophilized then purified using 
preparative HPLC (Nucleosil300 8,5-Cl8 l/2” x 25 cm; flow rate 5.5 
ml/min in 0.01 M TEAA, pH 7, with a 5-25% CH,CN gradient). The 
purified product was exchanged with a Dowex 5OW-X8 Na+ column 
then lyophilised to yield 14.6 mg (15.5% total yield purified product). 
The purity was verified with capillary electrophoresis, analytical HPLC 
and polyacrylamide gel electrophoresis of a 32P 5’-end labelled sample. 
The oligonucleotide was completely degraded by snake venom 
phosphodiesterase. 
2.2. NMR spectroscopy 
All spectra were recorded at 600 MHz proton frequency on a Briiker 
AMX 600 instrument. The sample was approximately 1.2 mM oligomer 
and 20 mM NaCl in 450 ~1 10% D,O 90% Hz0 at pH 4.8. One- (1D) 
and two-dimensional (2D) spectra were acquired with a spectral width 
of 15 kHz. The 2D nuclear Overhauser effect spectroscopy (NOESY) 
data set consisted of 2,048 and 200 complex points in t2 and tl , respec- 
tively, 160 scans per tl increment, and quadrature detection using the 
States [16] method. A 2 ms pulsed field gradient was applied at the end 
of the 180 ms mixing time and a 235 ,us SS pulse [17] was used for 
detection to avoid excitation of the water resonance. Data were proc- 
essed with the GIFA software [18], developed in our laboratory. Linear 
prediction of two additional points at the beginning of the free induc- 
tion decays was used to correct the linear phase error in f2. The data 
in tl were linearly predicted to 512 points. 60’ shifted sine squared 
functions were applied in both dimensions prior to Fourier transform 
to yield a spectrum of 2048 and 512 real points in f2 and fl, respectively. 
2.3. FTIR and UV Spectroscopy 
FTIR spectra were recorded on a Perkin Elmer 1760 spectrophotom- 
eter, using ZnSe cells. The oligomer was approximately 2mM in D20 
solution and the pH of the 1 ~1 sample was controlled using a micro- 
electrode. 20 scans were co-added for each spectrum. Data was proc- 
essed using the Spectracalc software (Galaxy Inc.). The spectra were 
baseline corrected and normalized. The UV absorbance as a function 
of temperature was recorded at 262 A on a Kontron Uvikon 941 
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s!L Fig. 1. Sequence and proposed folding of 29-base RNA intramolecular 
triple helix. (0) Watson-Crick pairing, (0) Hoogsteen base pairing. 
spectrophotometer. The sample was approximately 3pM oligomer and 
20 mM NaCl in H,O, at pH 4.8. 
3. Results 
The imino region of the 1D NMR spectrum, and the corre- 
sponding region of a NOESY spectrum showing the imino- 
imino correlations, are presented in Fig. 2a,b. With the excep- 
tion of C+zs and Uz9, all the imino proton resonances could be 
observed and were assigned as described below. Sequential 
imino-imino NOESY crosspeaks, shown in Fig. 2b, were de- 
tected for all the observed resonances except UX-C+25. In addi- 
tion to the sequential correlations, conditions favouring spin 
diffusion revealed U,-G,, C+27-GS and Uzs-G5, as well as U,- 
U17 and U28-U13 imino-imino crosspeaks, which served as 
strong evidence for the proposed folding. 
The absence of the C+23 and Uz9 resonances made it impossi- 
ble to assign the U,C+,U,,C+,,U,, sequence unambiguously 
based solely on imino-imino nuclear Overhauser effect (NOE) 
c-27 
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Fig. 2. (a) 1D imino proton spectrum @H 4.8 and lO’C), and (b) 
corresponding region of the NOESY (180 ms mixing time) spectrum 
showing imino-imino correlations. Sequential correlatiolls are joined by 
lines. The U,2-U,,, C+,-GS and UJJL7 crosspeaks were observed in 
a separate xperiment at 1°C (not shown). Crosspeaks labelled ‘w’ to 
‘z’ correspond to the NOES shown schematically in Fig. 4. (X) indicates 
unidentified minor peaks, possibly of an alternate conformation. 
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Fig. 3. Imino and protonated cytosine amino regions of the NOESY (180 ms mixing time) spectrum showing exchangeable proton as@ments indicative 
of triple helical structure. Crosspeaks labelled ‘a’ to ‘m’ correspond to the NOES shown schematically in Fig. 4. The spectra were recorded at lO”C, 
pH 4.8 and 1.2 mM oligomer in 95% H,O, 5% D20. The resonance assigned to U,, had completely exchanged with water in the NOESY spectrum. 
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crosspeaks. The imino to amino and aromatic proton NOES, 
presented in Fig. 3, were thus essential for the resolution of this 
ambiguity. These correlations confirmed the imino proton as- 
signments, and further defined the base triplets. The C+, and 
C+*, amino protons, identified by their strong intranucleotide 
imino-amino NOES, showed correlations not only with their 
Hoogsteen base-paired guanine imino protons, but also with 
the uracil iminos in the 5’ and 3’ directions and, unique to the 
triple helix, with the uracil iminos in the 3’ direction on the 
Watson-Crick paired strand. Of particular interest were the 
C+&J, amino-imino crosspeaks which provided the basis for 
the assignment of the broad U, imino resonance. The C+23 
amino protons were also tentatively assigned based on their 
similar chemical shift and weak NOES observed with the U, 
imino at lower temperature (not shown). The C,.,, &, and C,, 
amino protons were assigned by their strong NOES with their 
Watson-Crick paired iminos. Specific to the C+ :G: C base 
triplet were correlations between these amino protons and 
those of the protonated cytosines. As expected for a U: A: U 
base triplet, both Hoogsteen and Watson-Crick base-paired 
iminos shared correlations with the adenine amino protons. 
Imino cross peaks with the aromatic H2, H5 and H8 protons 
and, consistent with C3’-endo sugar conformation [19], with the 
Hl’ in the 3’ direction and an interstrand Hl’, were assigned. 
These and the other non-exchangeable proton assignments, 
demonstrating the predominately C3’endo sugar conforma- 
tion will be described in detail in a forthcoming paper. 
Fig. 4 shows a schematic representation summarizing the 
NOE correlations observed for, as an example, the 
C+z,: G,: C,, and U,,: A,: U,3 base triplets. The proximities 
indicated are derived from the NOESY crosspeaks labelled in 
Figs. 2b and 3, and represent both direct and indirect (i.e. via 
spin diffusion) correlations. 
The UV melting curve is presented Fig. 5a. The single transi- 
tion observed at 63 “C can be interpreted as a simultaneous 
melting of the Watson-Crick and Hoogsteen base pairs. These 
results were consistent with the NMR analysis of the imino 
proton spectrum as a function of temperature, presented in Fig. 
5b. As the temperature increases, the rate of exchange of the 
imino protons with water can be seen to increase, as indicated 
by the progressive disappearance of the peaks. As for the single 
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Fig. 4. Schematic representation summarizing the inter-proton NOES 
observed for the C+27 : G, : C4 and U,, : & : U13 base triplets. The spin 
diffusion pathways are not indicated. Double headed arrows indicate 
NOESY correlations labelled in Figs. 3 (‘a’ to ‘m’) and 2b ((w’ to ‘z’). 
Dashed lines show the proposed hydrogen bonding. 
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Fig. 5. (a) UV absorbance at 262 mn as a function of temperature. 
(b) Proton spectra of the imino resonances as a function of temperature. 
Assignments are indicated for the resonances at the highest emperature 
at which they were observed. 
transition observed in UV melting curve at pH 4.8, this in- 
creased rate of exchange occurs roughly simultaneously on 
Hoogsteen and Watson-Crick paired strands and can be inter- 
preted as a general opening of the base triplets from the loop 
junctions towards the centre of the proposed triple helix. The 
stability of the triple helix is illustrated at 6O”C, where the seven 
imino resonances remaining include the U,-A,-U,, and Uz6-A,- 
I-II5 base triplets. 
FTIR spectroscopy of the oligomer provided independent 
confirmation of triple helical structure. The spectra of the 29- 
mer recorded in 90 at pH 4.8 and 7.9, presented in Fig. 6, were 
consistent with the presence of a triple helix at the lower pH. 
The higher pH value was chosen to ensure that no protonated 
cytosine residues were likely to be present. An absorption ob- 
served at 1,705 cm-’ is characteristic of C+ : G: C triplets [20], 
and disappearance of the adenine absorption around 1,633 
cm-’ at acidic pH has been shown to indicate the presence of 
U : A : U triplets [21]. The sugar geometries in nucleic acid dou- 
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Fig. 6. FTIR spectra in D20 solution at pH 7.9 and 4.8, showing ab- 
sorptions characteristic of base triplets (top), and at pH 4.8 showing the 
absorptions characteristic of C3’-endo sugar conformation (bottom). 
ble and triple helices are characterized by IR marker bands in 
the 1,00&800 cm-’ region [22]. C3’-endo type geometry is char- 
acterised by absorptions located around 860 cm-’ and 8 10 cm-’ 
while C2’-endo type sugar pucker is characterised by an absorp- 
tion around 830 cm-’ . Thus the absorptions observed at 864 
cm-’ and 812 cm-’ at both pH ,values are characteristic Of the 
C3’-endo type conformation . The absence of an absorption 
around 830 cm-’ suggests that there is no C2’-endo sugar con- 
formation present. 
4. Discussion 
Considering the limited intramolecular folding possibilities 
of the 29-mer sequence, the exchangeable proton and FTIR 
spectral data are consistent with the simultaneous proximity of 
two pyrimidine strands to a single purine strand, and provide 
conclusive evidence for the postulated triple helix motif. 
The long NOESY mixing time used revealed spin diffusion 
pathways which were unique to triple helical structure. For 
example, the correlations labeled ‘g’ and ‘w’ in Fig. 4 arise most 
likely by transfer through the intervening amino protons, 
clearly demonstrating the existence of the base triplets. 
The monophasic melting behavior reported here has also 
been reported for similar DNA triple helices [23,24]. A major 
difference between the DNA and RNA oligomers however 
appears to be the sugar pucker of bases involved in the triple 
helix. Whereas our FTIR and preliminary NMR data suggest 
C3’-endo sugar conformation, Feigon and co-workers con- 
cluded that their intramolecular DNA triple helix contained 
R Klinck et al. I FEBS Letters 355 (1994) 297-300 
predominately C2’-endo sugar conformations [24]. We are fur- 
ther investigating these differences using chimaeric DNA- 
RNA oligonucleotides. 
Physical evidence of RNA triple helical structure, indicating 
its relatively high stability in solution, lends support to its pro- 
posed role in biological processes and opens the way for a more 
detailed study of the structural implications of RNA triplet- 
base interactions. We are currently using multidimensional 
homo- and hetero-nuclear NMR to assign the non-exchangea- 
ble protons of the 29-mer, with the aim of characterizing the 
conformational requirements of RNA nucleotides involved in 
base triplets of this type. 
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